1,2 Their virions are relatively stable, and can be prepared as hightiter stocks. They can also efficiently infect both dividing and non-dividing cells. AdVs currently used in clinical gene therapy protocols are derived from human adenovirus type 5 (Ad5) or Ad2, and have a deletion mutation in the E1 region. Foreign genes are introduced into the E1 region, and E1-deleted vectors can be propagated in 293 cells, which express E1 proteins. However, E1-deleted AdVs still express viral proteins at low levels that induce a cytotoxic T-lymphocyte-mediated immune response against the virally infected cells, resulting in short-term expression from the vector in vivo. To modulate the antigen-specific host immune response in vivo and achieve longer-term expression of foreign genes, as well as to expand its cloning capacity, we and others have developed a helper-dependent (gutless) AdV (HD AdV) that lacks all the coding sequences of the viral backbone. [3] [4] [5] [6] All the viral proteins, except E1, are provided by a helper virus in trans, while the vector itself does not encode any viral genes. Therefore, the HD AdV is expected to minimize cellular immune responses by the host. To efficiently remove contaminating helper virus from the vector, a helper virus whose packaging signal is flanked by loxP sites was developed.
Adenoviral vectors (AdVs) have been regarded as one of the most efficient gene delivery vehicles in vivo, and have been used in human gene therapy protocols.
1,2 Their virions are relatively stable, and can be prepared as hightiter stocks. They can also efficiently infect both dividing and non-dividing cells. AdVs currently used in clinical gene therapy protocols are derived from human adenovirus type 5 (Ad5) or Ad2, and have a deletion mutation in the E1 region. Foreign genes are introduced into the E1 region, and E1-deleted vectors can be propagated in 293 cells, which express E1 proteins. However, E1-deleted AdVs still express viral proteins at low levels that induce a cytotoxic T-lymphocyte-mediated immune response against the virally infected cells, resulting in short-term expression from the vector in vivo. To modulate the antigen-specific host immune response in vivo and achieve longer-term expression of foreign genes, as well as to expand its cloning capacity, we and others have developed a helper-dependent (gutless) AdV (HD AdV) that lacks all the coding sequences of the viral backbone. [3] [4] [5] [6] All the viral proteins, except E1, are provided by a helper virus in trans, while the vector itself does not encode any viral genes. Therefore, the HD AdV is expected to minimize cellular immune responses by the host. To efficiently remove contaminating helper virus from the vector, a helper virus whose packaging signal is flanked by loxP sites was developed. 7 In cells express- ing the P1 phage Cre protein, the packaging signal is excised from the helper virus genome, but not from the vector, by Cre/loxP-mediated recombination. Therefore, while continuing to replicate and produce viral proteins, the helper genome cannot be packaged into virions, and the vector is preferentially packaged. This system can reduce the level of helper virus contamination to 0.1-0.01% after purification by cesium chloride (CsCl) gradient separation. Recently, several groups have reported in vivo applications of HD AdVs for a variety of tissues, including the liver, muscle, retina, and central nervous system in animal models. [8] [9] [10] [11] [12] [13] These results indicate that the HD AdV system can achieve efficient and properly regulated gene expression, along with reduced immunogenicity and toxicity. In some cases, gene expression has persisted for more than a year. 11, 12 It has been noted that HD AdVs are propagated at lower titers than E1-deleted helper viruses. In many cases, the E1-deleted helper virus outgrows the HD AdV. Usually the titers of the HD AdV increase by 10-to 100-fold per passage, while E1-deleted AdV can be amplified by more than 100-fold (data not shown). Furthermore, propagation efficiencies of HD AdV depend on vector structure. One possible explanation for the low titers is the differences in replication and packaging efficiencies between the vector and helper virus DNA. The Ad sequences contained in the HD AdVs are inverted terminal repeat (ITR) sequences, which are required for viral DNA replication, and a cis-acting packaging signal sequence. Most HD AdVs contain a packaging signal sequence between nucleotides (nt) 194 and 380 of the Ad5 genome. However, the means by which viral DNA replication and packaging contribute to the efficiencies of HD AdV propagation have not been elucidated. Optimization of the required cis-elements might improve HD AdV propagation to achieve levels closer to wild-type (wt) Ad.
To determine the effect of vector design on replication and packaging, we constructed HD AdVs Ad612SR␣␤-geo and AdSTKCMV␤-gal ( Figure 1 ). Ad612SR␣␤-geo retains a 612-bp left-end sequence and the right ITR from Ad5, the ␤-geo marker gene 14 driven by the SR␣ promoter, 15 and a 19.7-kb genomic stuffer sequence from the mouse hypoxanthine phosphoribosyltransferase (HPRT) locus. AdSTKCMV␤-gal retains a 440-bp left-end sequence and the right ITR from Ad5, the ␤-gal marker gene driven by the CMV enhancer/promoter, a 16.1-kb genomic sequence from the human HPRT locus as a stuffer, and another 9.1-kb stuffer fragment from human chromosome X (cosmid C346). 16 The starting stocks of the two HD AdVs used in this study were prepared using AdLC8cluc helper virus and the 293Cre4 cell line, and were purified by CsCl equilibrium density centrifugation, according to a previously published protocol. 7 Helper viruses AdLC8cluc and dl309 were propagated on 293 cells and purified by CsCl equilibrium density centrifugation. The mutant Ad, dl309, has the complete Ad sequence, with a deletion/insertion in the E3 region, and is therefore used as a control virus with wt replication/packaging efficiencies. 17 Because the primary purpose of this study was to compare the replication and package efficiencies of the different components of the HD AdV system, rather than analysis of Cre/loxPmediated recombination/inactivation of the AdLC8cluc genome, we primarily used 293 cells, rather than 293Cre4 cells for our analysis.
293 cells were co-infected with one of the vectors containing either AdLC8cluc or dl309 as helper virus. The amount of each vector and helper virus was adjusted so that the genomic copy numbers in the infected cells of each virus were approximated to five ␤-gal-transducing Gene Therapy units (btu) per cell of Ad612SR␣␤-geo. Furthermore, to ensure quantitative results, input DNA was subjected to Southern hybridization in each set of experiments. At this dosage of input viruses, it was expected that all the cells were infected with both vector and helper viruses. Input, replicated and packaged DNA was digested with appropriate enzymes and subjected to Southern hybridization, using the Ad-packaging signal sequence as a probe. Signals from each virus on Southern blot were quantitated by a PhosphorImager. The efficiency of the protocol for virion DNA isolation was evaluated by measuring infectious titers and the amount of purified Ad612SR␣␤-geo DNA before and after 0.5% sodium deoxycholate treatment, and no differences were observed. After treatment, contaminating host DNA in the infected cells was almost completely digested by DNase I at levels undetectable by Southern hybridization, using a centromeric alphoid DNA probe (data not shown). Therefore, we concluded that this protocol can recover nearly 100% of packaged viral DNA.
We first measured the replication and packaging efficiencies of dl309 and AdLC8cluc, which were used as helper viruses in this study. Both helper viruses replicated at a similar rate, showing a 7000-fold increase in a copy numbers after 48 h of infection (data not shown). The absolute packaging efficiency was calculated as the amount of packaged DNA divided by the amount of replicated DNA. The packaging efficiencies of dl309 and AdLC8cluc were 27.9% and 9.7%, respectively (data not shown). Hearing's group identified the packaging element located between nt 194 and 380 at the left end of the Ad5 genome. 18 They also demonstrated that the Ad5 packaging domain is composed of seven AT-rich elements (A repeats), with elements I, II, V and VI being the most critical repeats. More recently, they proposed an extended consensus motif (TTTGN 8 CG) for A repeats I, II, V and VI. 19 Because the left-end sequence on AdLC8-cluc extends only to nt 341, 7 the lower packaging efficiency of AdLC8cluc is probably due to the deletion of AT motifs V and VI of the Ad5 packaging signal of this virus and/or insertion of the loxP site between the ITR and the packaging signal.
The replication and packaging efficiencies of the vectors were then analyzed. Because HD AdVs alone cannot replicate or be packaged, we compared the replication and packaging efficiencies of the vectors to those of the helpers. HD AdVs Ad612SR␣␤-geo and AdSTKCMV␤-gal were used to co-infect 293 cells, along with either the dl309 or AdLC8cluc helper virus. An example is shown in Figure 2 , using Ad612SR␣␤-geo and AdLC8cluc. The replication efficiency of the vector was divided by the replication efficiency of the helper to obtain the relative replication efficiencies of all four vector/helper combinations, and subjected to t test for statistical analysis. Both vectors encode the human or mouse HPRT sequence as a stuffer, and a ␤-gal-containing marker gene. However, surprisingly, while the AdSTKCMV␤-gal vector replicated as efficiently as the helper viruses, the relative replication efficiency of Ad612SR␣␤-geo was significantly lower than that of either helper virus (P = 0.02 and Ͻ0.01 for AdLC8cluc and dl309, respectively) (Figure 3a) . The sequences in Ad612SR␣␤-geo (the mouse HPRT sequence, the SR␣␤-geo marker gene, and the pUC or adenoviral sequence between the 440-and 612-bp sequence from the left end) might have a negative effect on vector DNA replication.
Relative packaging efficiencies of vectors were also determined in the same manner. Both vectors packaged equally well, and the efficiencies were 2.2-to 2.7-fold higher than that of AdLC8cluc (P Ͻ 0.01) (Figure 3b) . With regards to the packaging efficiencies, both Ad612SR␣␤-geo (containing 612 bp from the left end) and AdSTKCMV␤-gal (containing 440 bp from the left end) contain all seven A repeats in the packaging signal. However, Ad612SR␣␤-geo showed a better packaging efficiency than AdSTKCMV␤-gal (Figure 3b) . With AdLC8cluc as helper, the packaging efficiency of Ad612SR␣␤-geo was significantly higher than that of AdSTKCMV␤-gal (P = 0.04). Furthermore, the packaging efficiency of AdSTKCMV␤-gal was significantly lower than that of dl309 (P = 0.02). Further study might be required to reveal the presence of an additional ciselement for packaging in this region (between the 440-and 612-bp sequence from the left end).
We also measured the packaging efficiencies of Ad612SR␣␤-geo in 293 and 293Cre4 cells by co-infection with AdLC8cluc. In 293Cre4 cells, the packaging signal of AdLC8cluc is excised out by Cre/loxP-mediated recombination, so that the virus cannot be packaged. Interestingly, the packaging efficiency of the vector increased from 14.4% in 293 cells to 19.0% in 293Cre4 cells (P = 0.04), suggesting that limiting viral or cellular proteins required for packaging are preferentially recruited to vector packaging in 293Cre4 cells.
Finally, we measured increases in the btu of the vector under each propagation condition. Using AdLC8cluc as a helper virus, the increase in the btu of Ad612SR␣␤-geo was 19.4-fold, while that of AdSTKCMV␤-gal was 51.9-fold (P = 0.01) (Figure 4) . Therefore, superior replication of AdSTKCMV␤-gal (Figure 3a ) was reflected in actual vector production. Due to the serial propagation scheme of HD AdVs, the two-to three-fold propagation defect of Ad612SR␣␤-geo was further amplified in comparison to AdSTKCMV␤-gal. The vectors were serially propagated in the presence of each helper virus, as previously described. 7 During propagation in 60-mm plates, the titer of Ad612SR␣␤-geo reached a plateau at approximately 6 × 10 7 /dish at passage 4, while that of AdSTKCMV␤-gal reached a plateau at approximately 2 × 10 8 /dish at passage 3. The btu increase, when using dl309 as helper, was significantly higher than when using AdLC8cluc at 40.9-fold for Ad612SR␣␤-geo (P = 0.03) and 87.4-fold for AdSTKCMV␤-gal (P = 0.06). This suggests that the helper function of the AdLC8cluc virus, presumably expressing proteins for replication, packaging and virion formation, is defective compared with that of dl309. Gene Therapy
In conclusion, we compared two vector constructs and two helper viruses to elucidate the rate-limiting steps of HD AdV propagation. Our results suggest that the packaging efficiencies of the vector, even with at least 440 bp from the left end, are slightly lower than that of wt Ad, while vector replication efficiencies are also quite variable. Therefore, although it is difficult to predict, the nature of vector sequences must be examined carefully. In our hands, we did not find the replication of stuffer DNA in the STK vector to be inefficient, contrary to what has been reported by others.
